Abstract : The influence of non-uniform distribution of electric field on the steady state and dynamic behavior of diffused quantum well lasers is studied by a selfconsistent model. The energy band structure of the quantum well can be distorted significantly by the non-uniform distribution of electric field, especially for devices with diffused quantum well structure. Hence, the evaluation on the optical gain as well as the modulation responses of diffused quantum well lasers using flat band approximation can be deviated significantly with nonuniform distribution of electric field taken into consideration.
I. Introduction
Recently, many theoretical models have been established to investigate the optical properties of semiconductor lasers with diffused quantum well (Q W> structures [1], [2] . In their studies, the optical gain and spontaneous emission rate of diffused QW are calculated under the assumption of symmetric flat band approximation. However, detailed investigation has shown that the energy band structure of QW can be distorted at high forward bias voltage as the non-uniform distribution of electric field (arisen from the accumulation of charges near the interfaces of the well and barriers) 131 has modified the optical gain and spontaneous emission rate of the QW [4] . This is because the variation of carrier confinement inside the QW alters the effective mass as well as the strain of the Q W. Furthermore, interdiffusion increases the well width and the amount of charges stored inside the QW; the distortion on energy band of QW can be larger than that of the as-growth one. This implies that the calculation of optical gain and spontaneous emission rate of devices with diffused QW using symmetric flat band approximation is not appropriate and a self-consistent treatment with non-uniform distribution of electric field and charges taken into consideration is required.
In this paper, a simplified self-consistent model for QW lasers is developed with the continuity of quasi Fermi potentials adopted for the calculation of quasi 2D confined carrier distribution inside the well.
Device Structure and Modeling Procedures
A. Laser Structure and Material Parameters Separate confinement heterostructure (SCH) of a single QW laser is formed by sandwiching the InGaAs/GaAs QW between the p-AIGaAs and n-AlGaAs cladding layers. The non-uniform distribution of material composition of the p-i-n structure can be characterized by the position-dependent material parameters such as the semiconductor permittivity, the low-field mobilities, the energy bandgap, the electron affinity and the effective density of states for the semiconductors.
B. Laser Model
The detailed dynamic model for a SCH QW laser under carrier injection can be described by a set of coupled equations. the effective cavity loss, R,, the spontaneous-emission recombination rate.
1) Electrical Model
the electrostatic potential, q is the magnitude of electron charge and R is the recombination rate of carriers. n and p denote the electron and hole concentrations, respectively. The electron current density, J,, and hole current density, J, in (2) and (3), due to drift and diffusion, are given by where p,, and p, denote the carrier mobilities for electrons and holes, and Dn(=keTPn/q) and Dp(=kBTpp/q) are the electron and hole diffusion coefficients, respectively. T is the temperature in Kelvin. EFn and EF, are the Fermi energies of electron and hole, respectively.
2) Optical Model
The scalar wave equation is solved to obtain the transverse optical field, E(x), and the propagation constant p. The scalar wave equation is given by
is the wavevector in vacuum and h, is the lasing wavelength. The electric permittivity, E, dependent on the material composition and carrier densities, which can be written as where E~ is the background relative permittivity, CLH is the linewidth
3) Numerical Technique
The laser is divided into finite sections along the transverse direction. The set of coupled differential equations is linearized using finite difference method on the onedimensional grid division point [5] , [6] . The transient response of the QW laser can be calculated self-consistently by using Newton's method. Figure 1 shows the distribution of electric field inside the as-growth and interdiffused QW laser. The change of the electric field is caused by the distortion of confinement profile of the QW from its original semirectangular shape. The distortion of QW shape is due to the out diffusion of indium from the well to the barrier such that the indium fraction is reduced in the well.
Numerical Results
In our analysis, the extent of interdiffusion is characterized by a diffusion length, Ld, where Ld = OB, represents the as-growth QW.
As a result, the distribution of wavefunction and the sub-band energies are changing subject to the degree of the disordered potential of the QW.
In the following analysis, the transient response of lasers with as-growth and diffused (of Ld=lOA) QW are investigated under step voltage modulation. For the diffused QW of Ld=lOA. ) and modulated with a voltage step of 0.082V. In this case, photon density is underestimated using constant flat band approximation. This is because the effective optical gain is underestimated as shown in figure 3b.
The variation of optical gain due to large forward bias voltage can be explained as follows: In the flat band approximation, the variation of electric field distribution inside the QW is ignored in the calculation, however, rapid change in electric field inside the QW (see figure 1) causes the accumulation of positive charge inside the interfaces of the QW but negative charge just outside the QW such that the energy band diagram of QW is further distorted. Therefore, the flat band approximation will overestimate the optical gain and the output photon density of the laser. In addition, the variation of electric field for Ld = IOA is larger than that for Ld =oA.
IV. Conclusion
A simplified self-consistent model is developed, using the assumption of quasiFermi potentials, for the calculation of modulation responses of diffused QW lasers. It is shown that the optical gain of devices with diffused QW structure can be altered by the distortion of energy band diagram due to the non-uniform distribution of carriers and electric field such that the symmetric flat band approximation may not be suitable for the application in devices with diffused Q W structure. 
